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The role of the aapurssgSsi^ xmdue in fhe Cys-Hi^AAi 
'^fttaJytic trlAd" of cyAtetne pcroteaBee been inveali- 
gated by r«placiii£ Anm^'^ in luipoln hy ft^ftT^g and gin- 
tsmine uamg aiUHli^qted matac^enesiv* The mutante 
wera e^presved in yeast and kinetic paraiw^tcirc delep^ 
mlnfid ajsaii^t the substrate cari>obeiisoav-irphe»^iikt- 

t^nal pH of SJS, Uio speeificity oon^tanft (A-^/JEw)^^ was 
reducof] by {uctor» of 3.4 and ISO |6r thi9 Asv^^ '-^ Gin 
and Aan^'^^ -> Ala mniftiktvr x««|>ecti7d^« Most of thitt 
oOciTt WI18 tbc reuult of a decrease In as iL«ith«F 
mtttatfioxa ^ij^ificsmtSy xfSbctA&K^ Svlbtitraic hydrolyais 
by tizatte mnlants is much fiaater than this nm-'csta- 
lytic rate^ and tbe^e^re Aan^''^ cannot be consSdcMd 
an esaonUld catalytic residue m the gyatetcg nrpteaae 
pa nahuj >c tailed unidyHeti of the pH activity ~pre>lll«a 
both mntantd allow the evalizaiion of tbe role of the 
AAn^'^ nide ehom ou tho trtobillty of the active Ion 
pair and on the intrlnaic amivity of the enzymo. Alt^ 
athm ttf tbe side cHoin a6 poflithm 175 was alao found to 
inerease aggM^tiim and proteolytic suftceptlhllity of 
Uie pgroenzynie and to a££iect the tfiKcrmol stabUity of the 
mature cna^yme, reflectiio^ a contribution of tbe aspfura- 
gu9B rcfiddue to the tttru^tuzBl iniegtrHy of papaSn. Tbo 
strict eoiuarvation atAm^'^ in cysteine jsmtenaca night 
iberefore reault from a coisbiziuitjon of fuactionai and 
atrufltiirttl cem«traiiitB» 



Cysteix:ie prDtea£o« mra a dews of enzymes requiring the thid 
^TQup cif DL cy&t^n« residue ibx tboi? catalytic actrvity (l). The 
additicnaJ invulvexncnt of an hiAtidind t^fiidiie in fhe catalytic 
ptoceas waa inferred cii Wnotift fipcoumie l5J)» and ovidonce for 
the location of an histidiuG ia pn^ximity to the catalytic thiol 
gruup wan, provided initially by tbo ose of a hifuoctitaisl iire- 
vercDilo itjibitor qf p«paio <3). The Cya'^-Hua*** arrangeiaent 
in U!C catalytic center of papain AsCabUafadd whon IKd 
tlixvD-diniQiiftional atmctore of ikc enzyme solved (4*- 6). 
The j^apaxra xnolecule ia folded to forio twi? interacting' dcHimins 
dfiiijjaitiim It deft at the sui&ce of the ecuyxne. Cyii*'* and Hie™ 
ftte locRted at the Irxterfocc <sf tibia cleft on oppoalte domainfl of 
the znolecule; Qys^ ia part oi'tho LI cc-hdn at thu ffuEjfhoe of tbe 
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left domxiin, whiha His'^* is in a 0-flheet at the Bcrface of *e 
light doznain of the eir^yaoo. 

With the avuilabilHy of the thro^diiitievx$xi>na] (structorc, 
other residoes were fmnid in the vicinity of th& active site thet 
could poH&ibly ploy importoiit Tole» in the mechanism of the 
oDzyme. In partlfMilar, aa aRpangine re&idnfi lhati? coiuarved 
in all cyateiiiD protease BatfTumcea Oif the papain hwky, Aaa^''^» 
waa found to be adjacent to th» catalytiiz Hi^'^ residue. Tbe 
wo(dc ooqysen of the Aan*^ fiide chain is hydro«on-honded to 
N''^ of Hla^^ creating a Qye-His-Aso triad, which can be 
CDAfilclavf^d as being analogous with the Ser-HiS'^Asp kiiad of 
afiiioe prctcasea 1), Ths side chain of Aen'^® i» burivd in 
a hydrophohii: ragiou of the enzyme cortpoaed maudy of rest- 
duo* Phe^", Val'^S atp=^^, and Trp*", Residaev 141, 177, and 
IBI art* localed neiar the Ano^^-Hie"" hydrogen boi>d cittd cao 
fthiold it from the extenial soKent. An important feature of the 
Aeo^'"'*-Hie^''* irUeiractLOn ia thai the hydro^on bnod u« approso 
ImabaJy csfllioa^ with the His"" C^Xl'^ bond, nllowiug rota^n 
□f tbe imidazole rin^^ about the C^«.Cr bond vith'oiat dlsruptlbEL 
of the Aaa^"^^-Hle™ hydrogen bond. Comperiaoa of roaiilte 
fLnm cryrttalloisraphie studiistA with various fbrzos'-ef papain 
either free or alMated at the Oys^ eolfhr atiia by chloro-" 
methyl ketone inhibitor^ haye demonstrated jQiat the. 
flsdo chain can change its ortonteitiou by about 30" (7). lliere- 
fo;^, it httA been ati£asP»Bted that the role of Asnl'^'^ Ib to oneot 
the Kf}^^ ride chalain the optimum pooitioafi fbr varionB steps 
of the catalytic mecbamsnL In the resting ^to of tib» enayme, 
tbe Hiu side chain would bo coplanar to the CyiP residue while 
during aoylationi the prntramted inudazole ring would rotate to 
act a« a proton dotuzr to the nitro^a atom of the leaving gxovp 
oftheB'jbsCrate(d). 

An jmporttuit feature of papain and other cyatdne proteases 
in general is the high nxidepphiHid^ of the fluHbr atokn of the 
aecive aite ^tr^telnc rctddne. I^is in doe to thft fact that nt the 
pB. valwjs where the cazyme ia active, the sulfur atom 
present as a thiolato anion. It is now genorally accepted that 
the aids chairis of Qyi&^ and His^ pasaaas anusrual pfi^ values 
aod thai the active fomi of Lbe ons^nie oousiHts of a thiolaie- 
imidaralium ion pair at neubral pH f9-12). However, iha na- 
tuz^ &ad m^iicance of the Actors that arc rceponsible &t the 
formation end TnEunteztaoce of the ion pair within a Tndt> moge 
of pH fhr the most poirt reaifihi unlpriawn, and this asi^ect has 
boeo the ofc|joct oTnuwy theoretical stadies over tbe yoRxe (o«e« 
ejj., Bef8. 05-19), Since tbo flida chains of Asa^^* and His^^ 
intGruet directly via hydn^n bendia^, one of the obvious roles 
of Afltt*'* cduld bft to stahihze the thiokcte-unSdazolinrn furro of 
papam. It baa been augget^ted that the pronmily of tfaa active 
ext» cy^tenie and hi^dine reeiduee could be one of the most 
important fadnn ccmtributivift- to the formation of an ion pair 
and that tha proton affioities of Cya^^ end His*" at ttie active 
dite of papain are titmcgly sensitive to the ^ometcy of these 
TORiducs C1T» 19). Consequentlyp Asc*^** could stabilize the ion 
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i?oZc Papain Active Site Asn^ 




P;q. l ScbenoaUe rtirffiP^t^^T*** of the Hciivo Bito cf papain 

nproeeoeattniK a dortvQd fioin th« crjiytta] ntFii£±urii of DiGnth et ai 
(7). In i^iv ffib7»Ul i5lrp<JtuPB, tho pctJva A£te cyateioe is oxidized, «rtd 
thflfelbn t2ie prow ralatiyt* odcfttatioafl or tha Cyar** and ai4o 
chains Don-cxxdi»d aatyzHA yea^t difTer frmn the UUsfttrated 

pair by Icecping thft imidflaoJe rijag gf Hia^ in a fewyraWe 
orientatian. 

There hna bu&n £10 qiiaiitUptsTO Bxpetimjental Study addret^s- 
ing tha Tole of the o^fpor agtne rofiidud in th^ italyrlc triad of 
cyBtciine prvte^iiea. In a preliscinfuy 3tudy u£dng rnndom luu- 
togenertiA fljid BcrooDing of mutantB, we have shown that re- 
placomoat of Aed^^ several aitanu atsda nsoltB id a^^niF- 
icant lo&a of aaiivity (iSO). Hcwewr, 4ue to the relatively low 
sosMitivity f]f the aj^isi^t fhtR Byetem can unambiguailflly detect 
only Tiiutftnts with activity sijnilar to wUd-tiype pajuftin. In 
addition, wzymc inadsTatiton could occur far zautant enzymtsa 
that have a decrwiaad stability under tbfi relatlvaly dr2ut\c 
oonditiDXia Xised to activate the cncryme preruxeiTrd Gqw ^ and 
high temp^ratuTAX The sereaning aystom we nsed cannot 
Tcadily di^txs^ifih between a decrRai?e in catalytic activity and 
a decrease in pit^teln etabihty. Ih thia &tiidy, the role of Asn^^'^ 
at th^ uLiiTci site of ^stcice proteaties waa inresfei^^ted by a 
detaOed kiDCtic and Amctional c^i^nicttsrizatioa of papain rmi^ 
toiit(>. Mutation of Aeh^'^ to a gtutamzna ^wss dKiBcn duo to our 
pr0viou8«otoa<unrati(in that chia mutatiDn. ganeratra an en^ytoe 
that retains stoma activity (20), ir\dicaU;ig that the cpnaervative 
^bstitatiou of Aao'^- by GJn i» to!ev'sitt;d in. the active site of 
papain. Complete removal of the hydrogen bondinfr capability 
of the aide chain of roaidiie 175 was Bccompuahod bry an Asn"^ 
Ala change. 

. Bxprs3*ion ivrd Purific^iaa Papain ^^uteal^l^ — Stzproafiifta 6f wil^- 
tyjie pajiaifl and <yrthfl Asa"'* Gla and Asb^^ "•». Ala mutani proen- 
zyme k) $cifi(iiAmJtytxs emviaitM bad bcm Htprnted ttti>autly caC). 
Yea&t cellft &tssn 1 \iitr of culture (B X 10^ ceUa/mU wer« cotlccefid by 
ooathftisatim and roffn^KJodccl iij 20 ml of 10 mu Tria-fiCt, pfl 7.5, i 
TTM EDTA to a filial Tidomc of abobt SS tnl. Tb« cella were lysod 
uriog a Fi^Ach pKSfi CaO.OOO p.&f .) and wDvIfkr debri/f removed by 
s JlCMiriTi, aS^OOO K 6(2at/UUgatio]i< Pnpapain pz^nuit !d (be Hup|iYs 
nmnnt wmi eqnvcrtftd Ca nutm^ papain by llndtsd -pntnti^x with 
av^tiliaiD GPN^ (Si^poiiO. Tbo l»oli4blfr extaiMtt was IziculKited for 2-0 h nt 
37 ta tbfi prBB8DCB of 0.1 zn^M »u]>tiU«ia. Tha oxtract wnB thou 
changed to pH 5^ wltb undiuia acatate buHcr (3ft mu, pH 4.0) aad 
incubated at d6 "C for 16 oiin. AlW a lO-mia ccotafusuf;ion al 15,000 
X ffi pradpitatcd protciiis wcrc dii^C&rded aad the BuponuitaDt waa 
nAodo &0% apunacxum sutiaia and kept at <i *C uyefoiffht This ffu^ipen- 
aiaa was CBotoifaQOd at 22,000 X ^ fnr 20 aun axui tbo protoia pellet 
reBucpcadud in ml of aOO mK $odium acotata» I mU h'GTA, ^ 6.8. 
This pr^parutaoii was uaad to di^turmiiK} the proteia baV-Ufo (aco bdoiVX 



Tbe^nr^mub lAbcd for tho lrin«Hc dinxwiteinrutioa were ftartbairpurifiad 
by t.watciit chromatcgrwpliy wintf ji Urii>ptopyt-SaphaE«>«; cohauiaWD. 

KifUftivM p/ Tr^iuvsibU TVurrmoi /wtc^xVoiwrt— The Idtietica of irra- 
veraiWK UiOTioa] iixaeliYatiaa of papain vaiinate wsfl d^tamunod no 
^encnhttA provwadtv (23), PaitialJy puTifiad papain pumaiatians {see 
ebova) were iuljuflted to pE 6^ ^vith lOO tnxt phosphate buffer uxid 
HyOtj »ddod to 5 TrtSL They wxe incubated at *C fw 0-60 lain, and 
the i^idaal pspain activity vwos measured. The Tlj^, valua {tho time at 
wbkb tJ^ i^yraa haa lost hair cf iLb aefcivicy) ^vas determined fcon the 
slope of the liaoarizod form of Che data (Z2). 

A^rv$ate/Soiuhle Prmxrvar PaHltiiining and S2i£cejptibiiity Ui Pro- 
ieaite 2>egfTOira<«w— TotdJ ytffial ctftracta tfl mD were prepared froro ?S 
ml of ^ultura grown under tba cnrjilUaca da^d obo^ Procsaaing of 
piPiWaia wao pTBTOitcd with ai lau of E-64 tl-iI(L^tn(im^ioxysncd- 
TVl)-^loaeyl3aauiio><t^nHiiudin»)butfttte) (29). Hie eitrart waa dijjjilyco- 
Aylaied by incabction fi»r 2 h at 87*^ hitho praSOASoof S5 roM Bod;tnn 
acetate buffer, pH 5.5, a(H) »w p^mwcaptoothaTwV end BO mi31iunitaAnl 
(jKidcelyGOaUiaoe H CBoahrin^r Mtuudmni)* An aliquot of the aiiiidure 
was (seaitriftiflBd at W.OOO x ^ furS min. '^v (wparaolaatwns reeoirered 
UAd the p«Uet wau roaaapeadfld in 2D(> ;J of phoephat^ bnffar, pF 6.S. 
An aliquot of the pellat CU»d fluperactaait de^tyconylatvd frnctlazts was 
analyTed by Westem biat prior lo or following mcubatiiin «ith 0. L 
w^aA aubtili&in for Z b iii: d7 ^C. Quantitativo Weatcm btai analyvm 
wore pwKToTanod UBiiiff two rovndtf of jHQtigan datectlan after separatitm 
protciOQ izL SI>3-pa)yfteT^amido ^1 etectraphoieas. Mature ATld 
proaazyjiM fonnft cf papain wore detected witih an anll-papain rabbit 
polyclonal enMbody r24X PapnUl-iiatibai^ aomploicBB wna lobded wlt^ 
l^-I&beled prOttfia A (Amenhani Cittp,} and Tisu^ud by xnilaraditjf;- 
n^phy. Hie antigen wni> tbea stained in a aooozul ructiea uaing alkn l in a 
pho5phatafleH»^ia^tad ^pat anM-rabblC igGa .(Bio-RadX Thjd proce- 
dore fitrib'tftUg accwate LUitdng of Ox inuftunAmctiva banda car tu^ 
dioactlvity mnattiiteTn exits wuib an U£B 1ZB2 Compooannna couutcr, 

Siudtic W«rwvv7«rn£^"The Viaetie paramotore wfyro oWained as 
dcMribed laevioudy (21X Tho eonocntraUon of active parifled en^yiRa 
was dctemnned by Utration with B-64 Caibflbenwiacy-L-phenylalfl' 
nyl-<7-anuno-4Hiwlhyl6oiia«0Jfiayl}-T.'*^ waa 
m6± Aft G; 0ub0trato. Tho xcactian cunditioas conolaled of 60 nof-phoo. 
phate buffer, 0.2 H NaCl. ^ mw JSUTA, 10% CHjCN. pH ^5, ?or the 
d^tefmiaation of pH activity px^til«a, EO msi citrate oi 50 mu borate 
wUiu u buf&Tfl pjid dio eubatT7it«t concentration wae kept well 
below tha valuw. KUwiic patamatera at optimnra pH (6.51 watb 
[Ii3tertain4»d by linear raBTHtfeiau nf the inhial rata (tf} data to plots ais/o 
venva 3 (.HaPOJi ^ota). The pH antivity prufiles wcrt analyzed according 
to the mode) R(«(Miicm 1 by ae^lKaear, regresfliun of tho diita to the 
uozFuspandxn^ equation (]Sqiiatuin I)' 



In tluH vftwtfUon, (JtaMJKuT^ xvpreaeata tbo ci.| i ci.'mj*>cLUl ly deteimincd 
vflJuB of thw Hpocifidiy ctmfttetot and Uf^K^f^ is th* Umlilnff vahie 
deteminol from nmlinea/ regrweloxL. 

Cfimputer Mooting — Compater ma deling Was nsed with the Aaa^'^ 
Ghi nmtant to pradid thu oriantatiafll of Ihe Qln'*" Hid*^ ChaSn. The 
modcil srcproeontla^ £r©e papain wan tMaiEvd ^ng the coordinftiOfl 
from the crystal vtmcture otPronth^r al. H). In tho model, tha o^cygan 
atentte o a tba oaodizod Oya^" rouidoc wen rcamOvod, and AKIBCIR pcrtinl 
chai^ wwe a^inenod conrndonn^ that tho actiin* aile roeiducs arc 
present in the thjoleto-lmidazoiium ion pair stato. En an initial atap^ die 
Syalemat^ Saarch module of Sybjl $,0 (Tnpoa AasocietaB. IncO was 
vsed to carry out a Bcarth lor ulcrisally altewed eeafbrraationa of th« 
Ana*™ -* Gin mutant Tbo Aim"" reaiduO WAS replaced bV 01" and tlja 
aida chnzn ansUrfi Xt^ end ;t9 of CHn^^ ware vaziod by 2-deffniQ 
incrBmentfl. Two *0n«pt^' of strccturea (abTictare 1 and aUucUite 2) 
wcTct fvuad, both mntaintnif zui hydrogen bond between the o^ygnn 
ntfim of Ilka Mdfl oham amide and of Hi»^. Tho etiuctnren 



^Tha abbreviakionB ufcd OTo: C^Z-PhO-Ar^CA, corbobenzoi^Z^ 
phrnjh^TitiyT (7 -iniinn-l-irfM'hrlrff^Tmfiirmy^VTi-^'rtpTTflfi^: W^, wild-Lypo. 
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difler by dw poeitioiiiiiig of ihe vctrtomide Niia group. vrWch caji b*? 
either in pKmiuty of TVp^" sndTrp*'^ (sliuctur© 1) or orientod toward 
ciift inidTAiua lMlwE!crD the two domixlBa of papain whcro it can fjana a 
hyidroj^nn band V)th the aide ehsdn o£ Sat^^" (stRut'Oi'A Q). Rtol^ ubd a( 
th«se twd confbnutttiDiu; waa cDergy-minimizfid in an atUmpt n> prudict 
if one crisntatiDn VMuld be Oivorcd (vver the udier. GfmfimnAtionAl 
imArgiAa «7«xy» eekbhtod uaing tho AMBER jbrte Jidd iknd partiiil 
chargeflL A diatAncB-dopondont diutectric? coASCuat^ r » r. was uaed with 
a tAAidue-faarod cniiiirdiSlaiice atQ.Q A. I^e minjinizaUoD carried 
wit ib & root Tufaoai wjqtuv (^dient ot 0.05^ EMuergy eoli^atiaoir wivn 
pcrGirxBBd on 4 rejjjqn ddhnitcd by a 12-A aphsn aTCimd Ihft C' Btom 
of <ih*7^ whiltf utacai) ^thin a 9Ji sphere sraunJi dvo i;nznd O* atom 
were aU<k^vvd tomirTr durlx:^ the mlftffnjnftlioa. Thu (fiffeience in energy 
betWNtn the rvo minSmized sfaimttixva was 2.0 kcal^ol in fsror nf 
Rircctnre J. HDwererr tiU» value ia cloae to tiie predsicn of the calcu- 
]ii£iDDS and the ftceorid ^unfOnnatiaDfd atats OTtructDTO 2) cazmot cleaHy 
h^ rviled ouL Fox nDiictnrb 1, tbe torstOAAl anfifles tHe Gln^''* ftide 
diaui are <^ « -1 15.77, 1^ m. i6rX8d, a:i = --llO-BT, = -6&.fi8, tind 
= 77,ei, wid the (Sn*^" C^-ffia'" K**H dioUuco ia 2.77 A. With this 
oonfmrmatirm* th^ a^etamide H atomfi «f Oin^^^ ai« poaleiaiu^ to inter- 
act TPrth the TrcIo«ds<lif Hie Iavd trypiopliAA rdtndutw aVp'" and Trp"^). 
In the alternate atzucture fsenidxvt! 2)^ ^ = ^ -» -179.^$. 

= -laOilS, Xa -€7.86, and - -92.4C, and the GSn^'^ 0"«fi^ 
N-'^HdiaUmCwisa.Te L 

PeUct/ Supernatant Fartiiionatff and Proicaae SuFcepHbilfJy 
of Prqpapainr—VI^ have isve^tigated the cooBaqueaces of re- 
placing Am^^* tlp6n tho ahility nf the protein to he detected AS 
a zxbolecule witk imtiva pmperUod. l>urlng the coutto of purliy- 
^JXZ papoiti, wc (^haexTDd that the yield t^fmature papain recov- 
ered iblUfwing in vkro traiis-activatiou waa modi lower for 



7j]ti1»ixts SFi positiaii 175 t>mn fhr the wQd-typo enzyme, U^iiig 
Western blot analysie., -we h&ve shown prcr^opaly ilaat the total 
ajxiount of propapoiA prpduiaed wad not affected by the muta- 
tioms TbtHcftWj the dillbi«iee& la yield are net coti^e- 
<^ueDcea of voiiatindA in the trnn^cription ur translatien eftl- 
dAn^ or izLtraceUuLair inatabili:^ of the prutirinB. The reduction 
yn yields which is more prcmoimeed ihr the A^n^*^ Ala mu- 
tant» caiald» howemu:, reflect an increftscd ^usoepiihiHty to pro- 
teolytic de^adatioR by eubtilioin in thp zictm^tuxn atep for the 
jBUtaotfi. Thig suggests that aomc of the mtdeculee laay not be 
properly fblded. Since unfolded proteins often found to 
agigregate (^), we have meafluz«d the soli>b»]ity of jovpapaln 
rautsTits and thu sensitivity of aoluhle and insohible £racticnis to 
degradation by stibtaUijsin. Xn the pte^ence of exogenous |m>- 
teasea, the SB-kDa wild'-type propapain is fully eonverted intn 
24'kDa mature papain (23). Ihls limited proteolytic processing 
can be easily distingui$hod from more extcnsiye and less spe^ 
cific dfigi^d^ticn of vpfolded mtilants. A lai^ piropoztinn cf 
propapaiD mutants at poaitiixn 175 ia found m the pellet frac* 
tioA C^^. SA, laneff P"), the effect haing nioire pronounced fhr 
the Aflii"^ Ala mutant. The pellot fraction Is completely 
dofipfdd^rf hy *nht3iBin (Fifi. 2A, kittes J»+), wher^na the aoluhle 
fraction (Fig, 24. 2a?tas S-) folly converted to mature papain 
(Fig. 2A» lanes S-i-), The ratio of aggregated to ec^htc firacCiQa 
id uhont 0-3 for ibe wild-type propapnin (Pig; Thia ratio ie 
close to 30 and about 50 for the Asn"* Gtn and Aen*'^ Ala 
nmtanta, re&pectivBjy, The Oye^^ fler mutant was luaed a^ 9 
eont2«l and haa a beha:v1or similar to that af yfcUd-t^ne^^ propa- 
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T1m« of incubcrtlon (mln) 

riG. 3. EinAticB of tfaomai inACttwtian m^rture popain. Jto- 
tiaHv i»unii«^ prepB^ntlo w of WT (Q), Aan^^ 01* ond 

UnaBT ooofliti^flBi dcanribcU uador «nfieerimental l^odwefl," and ti* 
lo7*l orMQiaiiUDS activity mta mcRmired. Efadi point is the avart«ft VOJw 
oTtbree 0^^" mutantai nr iwDd-typrJ indBpamtont TOC*»iiifimeints. 



pRin (Fig. % A and iJ). Thua, tHe paititicxfiinff at propapain 
betwaen soluble, pTOteamo-itswt^ fwtiona and insoluble, 
protaafifi-ausceptiblB fr^ictiODS ie mfltkedly »lt«n>d by the rs- 
placCTout of Asn^". 

The previMiH n^tQts sug^t thftt fmitafion at pOfiitioiti 175 
hm^ a detrimantal effiiCt upoa the abitvy pK>en;^yaie to 

foW. in the cell but that, when th© protein is fi>Ltod; H becomes 
tesietant to proteolytic dejoradation: Hmnfovor, aubtiliroxi can 
afilftctivcly TOinove tiio pro regioii Qf liie procwrsw and reloaeo 
miitaT?! active puprnw- To detf»mi^ if mutatiirifi at pocition 
175 affect th^ Bt<i>a]i:y of tnature papoii^ ^ bav«> m«o^fod 
1^ r»te of thurmal inactivatkm of pcipoin muCantB 33 definod 
pravxoudly (22). The matUTQ ©ct^yijiG ia knowD to be highly 
DtabU to tbemnal iuactivatnoa, aa ehown by the half-life «f 12.fi 
:t 0.9 TT'" miwBiircd fcir wild-type popaini at. 82 '^C, For thfi 
Aao'™ ^ Gin and Asn^'" Ala mutaate, the haJf-lifc timea at 
62 a«3 7.a :t O.B tain aad 4.fl 2: 0,3 min, fe«p<»iitwfcly (Pi^. aX 
iadScoting'that th^ mutatioiiB &lso have an effect on the ther- 
mal $tablUly id the moture nwsyjDB, 

EiTKtic CharactkTiBatimif-'The papain mutanta ■ Ahd*^*^ 
<51n and Aun*'"^ -*> Ala usBd for kinetic charttcteriaatiaa wero 
parififtd 1^ covalant aflinitsr cbrflmatcgraphy. The lonetic pa- 
rametere at optimuin t>H (€.£5) for bydrolysis of Cba-Pfeo-ATgE- 
MCA by tl»e Aan*^ mutanta and wiXd^-typC papain are givon In 
Table I. Removal of the Aan"^ flidc ciiain by Mplacimg swpar^ 
3gino by 'an alanine residue kodo ie a m^ki^d 160-fo)d d»- 
craase in {k^^^J^xl^^ ^ ^-^ ™^ ^ actrrily can be 
entitely attributed to a decreaBe in wtichja MS a"* for 
the mutant Aan^^a ^ aIr as cemparod to 41.6 a * for -wild-lype 
papain. Mutation of residue 176 to an alenine there fgre ha£ a 
maiked effect on the adtivity of papain. Howver, If thu Aan."* 
residue i» replaced by a glutaaiine, tha kinetic DaraxnetBia for 
the mutant show reUttiveSy llttte deviBiian. from tlioee of wild- 
type. The (k^J^j^y^ value for Aan"" Cln ia 1S5 >: 10" M 
f? S a value only 3.4-ftld lower than ttuit of wild-type eiwyine. 
Sepladng an Aan by a Gin can b» couaidcred o« an injaertion of 
an extra methylene group in the side chAln of tlie Aro rcwd^ia, 
and the emyaic sccme to be aWe to tolerate thio modification as 
dctermixuBd fay' t1]C kinetic properties of esnzyrOB, 

Tbe iOOuanco of pH on <k,,i^ify^ frc the Aen ^ On and 



R(de of the Papain AcUm SiteAsrJ^^' 

Aan"° Ala mutants la illustrated in Fig. 4 (A and 5, reapeo- 
tivelyX The pH netiTity profiler of the mutantB ai* ^rienificantly 
nanxj^vtir ton that of wHd-rype papain ^presenied by a 
dashf!d lim: in figureo), partieularly in the case cf tns 
Asn^'"' Ala mutant. Once again, replacement of Aan ' by an 
alardue haa a more pnmounced cff^ than mutation to a glu- 
tamiao. The pH actsvlty profileo cf the muiant oxwymes can be 
fitted to an eqiiation doecribine a modcJ vhere two pK^ values 
[i e. two iraijsable greupe) are corwdered, one for each limb cf 
the beU-flhaped profile. tho wfld-type enijmne, the profile ia 
beet described by a throe^pS; niodel. the additional iouiaable 
group influencing the activity the enzyme only in the low pH 
re^on (21). Duo to the pwcisiofn of our experimantal meaaurc^ 
mentB with the maiant onz/mea, we cannot rule out the poe- 
siWlity that a third iomaaihie giroiip alfjo modulaten tho activity 
in tha add limb of lihe pH activity profiloB for the mutantB, 
However, tWe eroup wodd hav& only a small affect on artiyilyp 
fijB rfiaervfid with wild-type enzyme (21). In additlcm, since the 
low pH iunb of the profile ibr the mutant enzymes ia displaced 
to bi^«ar pH valueaj the third iooizahle group mi^t not mod- 
ulate the achvityin the pH range where the Asn^''* -^.Ala asid 
Aen"** _v Gin mutants are atflivo. 'The vaiua of pff^", which ia 
4.54 for wild-type papain (see TaWo 1> incraefleft to 5,42 fer 
^i^xTfi ^ Ala. Similarty, ia s«ah to decrsa^ gjgmficantly 
&t)m 8.46 in wild-typo papnia to 7.75 in the Aan^^** -* Ala 
variant. ThoBe variations in the pIT^ vatueo of the iorizabln 
groups that modulate the activity of papain are i^ largeat 
observed ao fiar with mutants of tWa Buayme. 

ConsideratwTut on the StabilHy of the Thiolaia-lmida^ioliam 
Form, of Papain— It ia generally aocepted that the active torn of 
ptipcdn conjfifrtft of a thiolaff^^midaaalium ion pair (9-12), Th-3 
atabiHty of this ion pair ia.ccnaidered to be very sensitive to its 
environment. In the present etudy, a perturbation of the ion 
pair is a hTcely poBeibillty *ince Asn^^* interacta directly with 
one of ilfi membara. the 0" atom of A^n*^* is hydmgen-bonded 
to N** of His"*, and tbiii interaction oonld be ixc^ioitant .for 
stabOiKatSon of the thiolake-inridaioliirai ion pair form of Uie 
ULlive aSte rei^ldaea in cyateino ptotcadee. It has boen.ahown 
previoualythirtwiyi^toriwfUaencingtbeipn pair fltftbihty will 
canBO^iUOntly have an offTect ou the obiwrved activity i^^aJ 
ICj^y*^ of ihe enzyme In the same etudy, it was also Hhown 
that uHin^ certain asenmption.?, l3io effect of a mutation on ion 
pair ataWHty and on the intrinsic activity (^Bo/Kirf) of papain 
can he dissoctod out by a detailed HnalyaiA of the pH activity 
proflie. 

The model intntdueed to eatabttah the relationahip between 
the stabiKty of the thinlate-imidazolinm ion pair and ihc meaa- 
ured kinetic paran^otcn? hae not bew* applied 80 far to the 
chflMeterizraioi of niiitatione involving directly oooe of the an- 
trve aite residues (Oys**. His"^ or Aan^'"';. To be applicaUo to 
the anidygifl of motatiana at position 175 of papain, the eqna- 
iionfl dedueed from the modal need to bo expanded. In its 
ftimpleart form, th* model deflcribing the ionization pathways of 
the active site residuaa la represeniefi in Tig, The four pax>- 
tonation states of the ecUv^i aito residmie iire eonsidared, and 
is an o^nilibrium conetanl OBGd to deambe the converainn of 
tha nautral form C-SH, -Im) to the ion pair form 
-IinH* ) of these ^eflidacsi. In the provloufl study (27), equations 
wart derived assuming that tJie diffcrcsice between pK^ and 
pffft. the intrinsic ^K^ valuea for the jonization o£Cyff^ and 
His"^ in abaduee of factora atabilizing the ion pair, is the Bsma 
for both wild-type and mutant enzymes. In the preeent etudy, 
thia condition ie not n^esearily met and « more ^aeral equa- 
tion haa to be introduced (Equation 2)* 
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For wnd-typa p»£nwip Ibc yH activity prxrfila ic tikn itcid liscib i8 Ibeat doserihnd by two x^„ vaLuoa ur3.6 4.&4 (40). The liieb&0t «f ihd two 
pii^ vnhifis is canflidened to r^ikieiMikt iivuzcition of the same group as tbe anc modnlAlini: tTro ncdvlty for di^ mutamtt en^yvneft aM mtA thcrxifbrc 
AsM^s^ridd to piT^ in the table (flCA tMctX 
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(pane/ it) and Am"' Al» (pnnei B) mutKaU* Ttie ^obd iU>k; 
represanLa t}ie begt j^c to Riiaclion 1, oUnincd b? nonliiMar re^tt^^itiMl of 
tlic data ta RqTwtton 1, The conCApundisji^ pli aetiviiy profile ibr wfld- 
t<ypc pupCuo is included &T compAij^on (^i^ted line), 

where AAp«r - (piq^ - pK?»W " (P^^S"^ - P^'^wr. ib« 
vTjnactioA in width of the pE activity pr^la an Eciing Jrem 
wfld-typc papain to the mutz^nt eD^^e; ^pK^ — (pST^g^^ — 
j^JTayvr) and ii*Kt = (p^Cfcmot — p^Cnrr) «™ the variatiwia in the 
intrirtalc pK„ values, aiid p£Ci> resuQting fttim the mutation; 

tuid 'XCj^vvT ri^ipreucHrt the «quiHbiium confit^t JT^ for the 
muiflnt 2md wild-type ^oxyuKS, reapoctively. Since the value of 
(ApJ^ . - ^pE^ C0vld bo uoD-m!(^ieiN£t it t&ay partiflJly mnBfe 
ar amj>]i& the effect of a vamtioA in if^ on the width of ft pH 
activi^ profile. In Fi^ fi/L, the vmution of AApE* with itm pair 
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6. Model dracrifathig: the liiEilzatJ£>ii pa£b«n^ for tli« ae* 
tcTO nte residuea €ya^ aiaid H3«^ of papam and cyntolne pro 
traew in g«auira3. 



stabOiky He, -Io^Kq^^Kbwt)) ia eimulatad ror vb1vs» cf 
{ApS^j -AjJC^y ranjanjp from - 1 lo + 1, It ib ovidezxt frcua Fsg, fiA 
that the valiw of ^5^,1^ dfinejrmitied from At^^ iu atrongly 
dependent on (ApK!, - ApiT^). It can be seoai also that the 
noarrow^ug of the pH acti\'X^ profilo readiee a masdmum wh«T^ 
the ioca pair is destabUiaeiid appniximote^ lOO«fbld or nsore (Le. 
"^logC^nmut/A^wr) Further redmiti'on in ion pair stability 
do«ei not lead to additional narrowing Of thp profile, and when 
the pH 3(;thi<7 profile of a mubint enzyme reachEs thus theo- 
rotacal nLzudinuin vahie of AAjkS', it £a only po^nible to put a 
hitler limit to the vala^ oTKf,^^ However, the relationship 
between (k^^K^^^ and .^"5 id linem* whftJi the ion pair ie 
ai^ificantly doatablllzftd (F^. fiS). indicating thai perturbo- 
timri of the ioxi pair will coatribate to a decraaBC in {h^t/^^f'^ 
ewn past the liqiit where no furfcher eflbcb on pH activity 
proiilci^ it» didcerxiible, Tbeipn^vc^ cautioii baa to bo n&ed when 
Intetj^tffitinjy resuU» cf pH activity meuAwremnt^i in ierwB of 
pertui'batlon of the at^^bility of the ion pair form of the activia 
(Site reaiduaa^ 

It 10 bnportHnt to dissect ofut comxihution of ion pair 
^biUly to tfao moa^nired kinoUc psrosieterB when typing to 
clucidata the rale of Aan^^ in the catalytic mcchaniam of pa- 
pain« Fxvm the above oGnafderadonft, it obviow^ that tills 
cHcaiot be EDcormplLflhfid in a str^ighttbrward xnanaar to y\i^d a 
dedniiive onawedi*. However, the d^ta can be interprecod to 
deime limits to contribution of A^a^^^ to varujaa aape^ta of 
the catalydio Taochani^, Wiih tibe Aan^^^ — ► Cln mutant, the 
hydrogei:L bond between the aide chaina of residnes 175 and 159 
ie beliovcd to be maintained (eee beLDw)^ and in a &rat approac- 
iznatloa wa tan consider that iApK^ - ApK*^ = 0 for thia 
mutant. Since Aipff ^ -1.07 fbr Asn^'** Ght iToblis J), y^^ 
«an calcnilEitc that JSC^^jj^^ « 0.6S and j«plaia:aia)it; of Aan*'* by a 
• glutamine cauaea a 7.fi-fo1d deatAbihsallon of thAlon pair ^brm 
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FiaOw SIbWiIatod corves JJIitAtraASliS Que rdaUiMiBhlpB be- 
tween Ikinotie pbebidcIcitv t»»A loa p&br stabflUfy. Fa.net A» ttJa- 
rkmafaip between the ToriatLoA ia vndtl) of n pH aetivi^ pra£ao Ci^pK) 
and Hub peruirbdtioft of ion v^r scabiUty iior varioua valuon of (ApjC^ ^ 

loUy dfltemixiecL activify Kmidug k^^JK^ ^Ltu obtained iroDD pH 
VLtivit^ prafiies) bdA Ulan perULrtiatauD orimi polt flt&hlllty. 

CAcnpaTcH fi> wi1d-l?pc ^^apain. Khowisg tbe efTecC of the thirtix- 
|iOic on the iou pair gtafaili^jr, we cos now calcoJ^te Uie effect on 
tlMt intdnHtc activily of tiw ez^zyme. to do thla, we cah i^ph the 
prcviinitfly determine^ eQnatiavi (Eqtuitiort 3), 

where f fepn»Fiant$ tbo cJfcct of a mutation on the intrinsic 
activity of the en;^yjne ii-e. thd zatio of the ixKtxissic kg^K^ &r 
nmtanc over wild-iype Rttpam). [kc^J^Mhrx ^ intrinsic 
veliae ok'hnt/^xr ^or wild-type papain, and CKi^jurt'XKkiiRrt + 
reflects how Uie pertarbatioia ^FKb lerolting from a mutatiaa 
will alTcct Um measured specificity coiustant (27). Fi>r ABn"** 
Gin, /*- 0.67 (^ble UX iadicatijjg thAt tho intrinsic aclivit:j;^ of 
thd mutant IB only 1,5-JCald lower than that oTw Lid-type pApain. 

To account Sat the poc>^l>l]ity ^hpt (Ap^ - ApflT^i) mifi^it not 
be negligible for the iVsn^'^ Gin mutant, limtfi can bo put on 



Cnntrihution of the Am"'' mjiUctumti to inn pair f^btUfy atid 
intrimit activity 
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■ Caku!atio3iP dvi« eaftuaninff that (^p^ - ApiGj) 0 ifar the Asn'^ '* 
-»ttlninHtftlit ^ X « 

ft Calculaliozu dtme ^ksmnttix^ ihot thc: Aan^^* ^ Ghi nr A2a mutation 
Tja^ zko eSbct to ion pwr ^tabilltgr, £,e. Jfa^ = 4.4. 

* CalculdtiAna dctoe aiouzciz^ that die Asn^'^' Gin or Ala mataiicm 
has na «f)Ebei iro tho xAtrfjpaic astmty; iK.f^l- 

thd contribution of Aan^^^ to tih^ catalytic mechanism by com- 
aidjocin^ that ion pair deetahilizaticni ici responsible for none of 
all oft^ observod variatinn in activity. In the fii^ case wh«ir« 
the atabdity of the )Qn -pai^ ia cimsidfired not tc be aflWstad by 
the mutation^ ^ihM " 4>4 And the dfide*oaao in activi^ is dpe in 
fcotttUty to a decrease jjx intTin^ activity cf thc enxysie. Witii 
AApK ° -1.07, we can calculate (&pS[i - Ap£^) and / using 
Bquationa 2 and 3, respectively. In tbo Mcnnd limitzng caise, we 
cencider thaiall of the efiEbcc on the ezpenmentally di^teinaoined 
sp&a&aty constai^t tyriginatefi (torn a perturbation of the ion 
pair and that nnitatum of Aan^7'^ td haa no infLueiuce on tho 
intrin^ 9ctivi^ of the enzyme^ le. /* 1. The rasuits uoinC 
both ftsftumpdons^ given In T^hte U, placo reasonable UuiIU on 
the maimitude of the effect that n n i tat ion of Aan^^^ to a glata- 
rnine can have on the ictainBic activity and en tha ion pair 
stal»lity of papain (asfiuming of couree that the Mn^'^ ~* Gin 
mutation does not etabilisd tb^ tlxiolntc^iinidcuDolhim iOn pair or 
increaac the intxissic actmtg' of tlw aozymo). lb can be neen in 
Table H that the condumone «ro aimJlar to when the variaiioc 
in CApfT^ — Ap£^ wa3 eoneideied nogUgible^ ^e. the niiTtation 
has only a smftU effoet on km pair atabiiily, and/or intrinmc 
activity. 

For the Aan^™ -y Ala mutant, only tlie iy^ limitlni^ capesi 
were conaiderad sinoe llie probability that the value gf (ApSfi ■•• 
Apjtg) lA afEecied by the mutation JiB much hif^r. In the firat 
limiting caso (nf> effect on ion pair stabili^X the value of / = 
0.0U72 indicotefl that the intrinsic activity of the mutont Asn^'^ 

Ala is lower than that of pnpoxn by a factor of no ynoro than 
140. By cunsideriiigf that the mutatrcHi has no on inMude 
activity Cease 2>, iC^^ ^ 0»O060, a vwlue 736 tlmea lower tW 
that of wild-type papain, which plecoa an uppeir iimit to tho lon 
pail* destabilizatioc upon mutation gf A^^^** tu Ala* 

The rolo of the aBpams^ne retadue in tho Cy&-His-Aam "cat- 
alytic biad* of cyRtoino protesBes ban been investigated by 
replacing A^^'^ in papain with an alanine or a ^utumino 
residue by site-directed mutagemeeia. Tbo kidctic data obtained 
wiisi the eubatrate Cbz-Pho^g-MCA indicate that Asn^'^'^. am 
be r^laeed by a Cki reffldae withoni major chani^ in tho 
Bpecjj^dty cQuetHnt (fc^Bi^sf ^> wfaHn mutatioD to an Ala res- 
idue leads to a iSO^fiold dec^^i^fie in activity, the aide chain of a 
giizbmiino retains the posBibility of fonxiin^ a hydrogon bond 
wxth the side chain of HiB^^ and thc higher activity of the 
Asn^^^ Gin mtrtant comimed to.Asn^^^ Ala oould be 
explained by the existence of such a hydrogen bond. Cozoputer 
mcdelinj;; indeed suggests Uuit the hyd»*Oge» bond dis-timcca 
between the eide chain amide of rofiidnc 175 and Hie^'^ in 
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wU&type pAtxain csui he modntoin^d tl^e Mn^'^'^ Gin ran- 
{icptls Wben the posEvbility oC residue 175 Sanaing such, a hydros 
gen band to BELa^ 19 rBmqrv^ nnutatlnf^ A^d^^^ to on 

akadno, tht> catubtit nfflHeaci' ift r^uc^ by abnut 2 orders of 
magmtude, Uowerer, iJae Aas}^^ Ala miitant still hydrolyx^ 
the aubstrate Cbz-Fbe-ArgiMCx\ at a mtA much higtuer than the 
jtton-cauJyUc laLe; tiwsrB&re, Asu'^''* oomct be cwnridered as en 
esaendol catalytic rosidiiiEt in the ayatean^ pxntoase papaic 

A i9igiii;lc4inl irtictioxi c»f papain eadsts with tlie CyaF^ and 
His^^ zBHidiifi£) a.q an ion pjiiv at neutral pH, imd froro theoret- 
ical oanfsidcrtiHot>a Aan'^ has been propofied la stnhiTiTia the 
thiolatB'^unicUzQHujn ten pair at ihB ac^« Bit^ of papain (l'^). 
For a Imoar p^tide eontamlng ncm-interactbi^ ryateice and 
histidmD refiidueg, i& uaed to deeignate the ratin of th£ 

«orkcantratum of ihe peptide ^^Aer« both ^de dmina are ioxusad 
it} thf) concentxatian where b&ch aide ehain^ are neutral, then it 
coc ba shown that logC^cH) His — CytO- By uniog 

9.1 and for the pS^ Tzdoee of cysteijie and hS&tidiaa, zfeepoc- 
tively (2$), we obtain a val^e of 0.0030 fnr /fcii' Th#? valuH of the 
oorreapondiDg eqoilihciiun con&toct in papain between the ion 
pair Term and tha neutral fornc of the octivc &itc irzaidues has 
bean eatinafl^ at 4.4 <27). Ihorsford^ in wOd-type pRpetn the 
ion pair is approximately 2200-fbId more Btahie than if tho Cya 
and Hid ri^Bidiics noa-tnteracting in a linear peptide UCJ 
Kcji in Table II). The mutation of Aan"^ tb Gin is accompanied 
by an S-toLd docraaoa in tha stability of the thinUte-uoidazo- 
Uum Ion pair. Onco tho ton pair is rommd, there i» virtuaLly ni> 
di^Tf^rence ia activity beroreesi Aan^^^ Gin and wild-Qrpa 
pwpain (/= 0.67), augecfiline that the advantage of hayijig an 
Ami Rt jwsitiora 175 over a Gin is mainly to atabilize the ion' 
pair. If lindtins eafla& ^ co»»derod, the value of can 
dflcreos^j by \ip to lipoid while the eSfect on intrinsic activity ib 
of no tttOre thmi 3-fold if = 0.S0). For £lia Asn"^ -» Ala mutant, 
a mfUor pertnrbatian (namnrizi^) of the pH activity profUd ia 
obBerved and the Idn^tic data can only be uaed to put Unuits 
the TTia^itiide of the efibcts on intHnei£ activity and ion pair 
atabflity. For «!camplc, if the replacaniHnt nf Afm^'^° by w 
alanine haa a negligible e&bct on the intnitste a&tiyity of the 
mzyma (case 2 in Table O, the ion pair stability would be 
decti^aiied by 735-fbId (Kq = 0.0000 coEopared to 4.4 for ^d- 
^pe papain), to a valm* a£Ka that ia only 3 timea that a£KcH 
non-intemcting residues ixt a linoai^ peptide. For caAe I, where 
tha decroEiao in observed activity la tm^etfted to be entirely due 
to.a decrease in Intrinfile aetavity, the inutation would have zu 
efTect on ion pair ^tabilily. It jjoxat be noted, however, that in 
finiitintf caa« 1, a relatively high valni^ of (Ap2^ - ApJfg) = 
- 1 IB Deeded to accoimt for the ^erimental data. It is most 
lilcely ihex, the variations in kinetic parametexa obfmrvod ior the 
Aan*^^ -* Ala mutation are the reault of** combination of offsets 
on ion pair stabiUtsr and Jntria«ic activity^ xe. intermediate 
between ca&eu 1 and % 

,A& dl^oulsed above, it is cEfEcolt to dissect out the relative 
efl^ of the sintofdon ozx ion ptiir acabOiiy and totrioftic activity 
for the Asn^"^ — Ala mutant. Howeveri it is intoreatizig to note 
that, acoordinf;- to the moiie] linking ioin pan* stability tc pH 
activity profiles (27), wa would expect a strong perturbation in 
ion pair stability to be accompaniod by an important namowiag 
of the pH activity profile. The qxMntxtativE interpnsfcatian ofpH 
aciivi^ data depeztda, however* OA the correct aoaiRnmont of 
pZ^ valuea to acUve oil* gnnipti of the enzyme. Recently, the 
poaaihiliij that the increase in h^^jia^ at low pH shxxwn m Fig. 
4 could b« thi» Tvt^Qlt of iomzatioaB other than that cf pye^ in 
ihe papain molecule was raised (;29}. If this ia the case, the p^„ 
values measnred would nnt ?«floct ion pair fonnatlon- Chan^^ 
in the pH activity prniile would be thfi rotsult of vaiiatiOEUS in 
r^aetmty of diileronl prDtuoic fonnA of tba enzyme, without 



vfiriation^ in tho -pK^ values of the groups it^t laodulatt^ activ- 
ity. This zn£Kiel is ralativaly complex and requires & Iflrgc nuia- 
hor of paramelAri!) Am describe the pH airtlvrty p^filea Evan 
thoQ^ thi^ pOi&eFibility cannot bo mlud out uoctiiuivacally, wo 
helievF thai ion pair destafailiz&tloia leadinj^ to narrowing of pH 
activiiy pmfilea ta the most likely ejEplanasion for our TBEsultn. 
Thd fact tha^ both the acid limb and basic Hmb pK„ values are 
afiected fay the iiuibationu provides a strong aigumenS in favor 
of a porturhation of ion pair oLabitiiy. A ptobuble (but not 
neceEwary) con^iunue of iou pair destabliiza^iou is that botli 
bhc add and baaic Lmha vnll Ibe aSffcted. Even though tha 
aaBlganoant of the lonLeatioii of Cya^ to either one of the two 
pS;. vaiueA ohderved in the acid limb of tbo pH activity pnj^ 
for the wild-type eni^ymc counoi be made ^vaasobiguodBly, as 
cacduded pmdoualy C27), the data prfisented for mutasGa of 
Aap'-*^ by MSnard e* oi, <27> and for ^nitOBLtd of Asn^^** (this 
paper) can v\i be rationally escplnined hy confiiderin^ alectro- 
atatic effects and. ion pair pcrtii^fontian on n reU^vely lumple 
model ccnsidering in a lirAt ^proxiniation only ono ajctive fonn 
of the em^nne and three iocizable groups. Although nunfc eom- 
pZax explanations oannot he ruled OTfe^ wo wntinvio fevor the 
simplest model that fuUy accouixtR for th^o eicperimAtrluiI ioault& 
preeented is this report and all related repozta odjg^iTiatins from 
this Isboratofy. f^perizneniB are in pragrods^ however; to clar- 
ify this point, -r 

Tiie geometry the a!Ctxvc aiio Cya-HLs^n residuea in 
oyataliaa proteases is vezy similar to that of thfi corro^ponding 
Ser-His-A^ reoiduea fbnni^kg the ?ata1ytif; triad of seariae pro- 
teaaes (30). Keplacement of the Ma^''^ aide chain in papain by 
lhai of an Ala remdue is evaluatysd to decrease tha intrinsic 
activiiy of tbo cu^ymc by a factor of no more thwn 140, For 
serine proteases, mutation of the Aap residue ta AU (for-iiuh- 
tillsln) and 3er (^br l>7p&in) resulted in ajqmmmatoly XO'^fbld 
reduAtiOna in ettzyroatie activity (31, 02), However, an A^p^**^ 
Aw> mtitant of tiyp^ii* diapiayed onjy JO^- to 10^-fold dft- 
dtianoH in adivi^, depDndin^ en the natuir^ of the leaving 
group of thd fiuba^ate QSl. This lajttor mutation ig poeulinr in 
that tbs side ehain can form a bydroeeti bend with the active 
site His rasiduo (34), In addition, \% baa bMi tiUowc ihat even 
thou^ the presence of the native ohai^ adtJaoent to His'*^ in 
trypatn is important Ibr activity, ita prc>icise locatioTX is not 
critical. b:deed, an alt^Tnate geometry fbr the cata^c triad of 
serine pmtBaoe& hao been proposed i^2). Tha Inttar two reirultB 
indicate that ceztaxn im>di£ica(iouis of tha cutulytM triad in 
mrine protcasos ore tolerated. 

The mpianitaiHp of die apparent cootributlon to en^tymatic 
activity of the Asai residua in eyetani^ proteatieB and tite corre- 
sponding Asp residue in serine proieaBCB may reflect ba^e 
dif&i'oncaa in the catalytic mechandam of ihs i-wi> daji^y^i? of 
enaiym^B CSS^ In the case of serine proteam 
the transition state and tetrahedml intermediate ie accompa^ 
niad by chargo separation, and it has been suggested that the 
negative charge on the aspaitatc czul Imlp tfaia ptdobbb througjb 
electraotatic stobiUzatloa, thorolorc contributing to cata^eia 
(36). In cyateine proteases^ the Asa rsdidun in -tho catalytic 
triad night be of importouoe f<*r stabilizing the ion pair form of 
the catalytic kcsidute KLc the gmraid state of the an^ymoj by 
contxibadng tc maintain tlie active sito residaes in a favorablo 
j^oometry. In codzast bo serine proteaset^ charge separation is 
already present in thj» ground atate and generaUoa of the 
trflnaition state and tetrahedra] intormadiato caLisas 6n^ a 
rearrartgament of the charges. J« addition* the A«n Teaitbia 
could play a role m catalysis through the orientat^aal effect of 
the H bond to Hia^^. This hydrogen bond allows rotation of tho 
His^ Qida chain to orient the imidaaole group ia a proper 
poaHdon to act as a proton donor to &q group .of . the 
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^obstrati^ llie fzict tJmt e C-S Ixnid la wakev tliOTi «i C-0 bond 
ana that the thit»l.ate aniojr* la a very (rood louvin^ can 
eT^pl^in tho tM>2CEifli^ Cf 9ucb a step in cysteine protcaacu. 
Iherefcnn9, the fill cataljrtic power of tke titlwi mj^^^I ho better 
exploited in the bydrolyfliB of non-activated peptide bdiida, 
whdreaa the fflTtlTity of the Amn'^^ mutants of papain was 
meaBured Qgain&t a. smsM activated peptidyl subBtrate. For this 
Te&Bon, the inilncnce of the mutations On activity ^kgaiiifit pro- 
tein aubstrsieB niisKt be taott: impcrtonl than the meafnired 
efl&ctB with the flul^itratG Cbz-Pbe-Airr-MCA, bat tSw va? low 
amnuat of anzyixie available from tlie expreGdioc Gystem pr^ 
dudo» such studtee. It must ha ootied alEM that pr^liininary 
raauita ^th cqthepfiiu S (data iict shown) show that mutation 
{^Afua}^ hEiR a atroDger effbct «3T» Bctivity than that obsflrvod for 
papain, indicatiix^ that the aagiiituide of tho Asd}'^ contnbu- 
tioa to art^yrcQtic activity night differ froan on6 cyeteine pro- 
teaae to another. 

}{i]^ly coa^ervdid j!«didktfifi at the active site of ensymes ar« 
often regarded as boing usisential for activi^. For the c^K^^eind 
pzotiw?^ it ia difBcultto ttceonnt for (ihi» striet eonoervRtion of 
Asay^^ baaed excluAiveky upon cnz^roatid aetivity, giveo tha 
relatively modest efiRict of amino acid fiohfltjtntion bZ poaiUon 
17fi. lodood, oar I'^Gults shof^ that precenoo of a Gkk at ptMltion 
175 iB alzncijt nimtnd wfilh respect to the enzyme activity. 
Hcwovorp within a large data baae of iyuioine proleaao ao- 
queaci^ no zie^dna ie ioond other than an asiparasine (37). The 
strict <;om»ar/iation of Asn*" luis^bt th&wfore b* the con^e- 
t^uence of properties in addition to ibo oatvxlytio aetivity of tlie 
exi^syme. Wild-typd ^yrdpapaiti accumulates in (he yesBt cell 
vacuole (20) mostly as a aolufale, protoaBo-resistont &pcde6. 

Replacement of A^n^ hy eitKBr a Ghi or Ala iaorBaeBd tho 
fraction of imsoluble. pruteaise^iLKeptible pvopcrpain, 6\l£SpCfii' 
itkg thac these zmttatiocjs alter the ability oftho protein to fold 
into a functiamil proto^o pi*ecur&or. Ir. additioiiv xbo matizro 
papaid TQUtaatii rosuHinK from the prcioai>]in^ Of the properly 
folded proeneypes h«ve {ld inoreaaed rata of thonnnl iooi^va- 
tloA, indicating that tl» mutations affect the thcdmal Bcability 
<tf the mature ^lO^yma. Tho Qcotamide H atoms of Asn^'^'' in 
vi^ Idrtype pap^ intdrAjct vdtb tha aronaatie r£n^ ofl^p^^^ and 
Trp"\ and pert-jrbatian of these intemctiona rin the Asa"* 
CHn xzzQtxal could contnbute to the decrease in etability of the 
The computfir modeUog ox^riment^ iudieoto that tho 
Glii*'*-HiB^'^® hycbp6«w> bond Ctm bo fbrmod w"th or wHhnut 
parturbation of the intomctions with the 'I^ residues end, 
tborefonsi, cannot nna3»big;iou8)y enpiportargpe&tte this hypoth- 
esis. A Biroiiar ^uctuial role ha£» bo^a eetabliahed recently fbr 
the eatatytic hifitidiiie residue at the active site of phocpho- 
lipasd Aj Our raaultfi indicate that in addition to its 
contribation to the catalytic properties of the enzyme^ Asa^''^ 
partidpate? ia the folding pnthw^y (39) tuid i» th« thermal 
t^biliJ^.of-tlw folded proteiu. The Asn^"^ residue in oystenne 
proteases cpvJd con$titut« another example of tha conservation 



of an tLdtivt site T^dxm resuhdne froia a coExibinatio;^ of fu^ic- 
tiona] and structural constrcinta. 

pp. 6111-*4«, AotOtmic Ptras, Nw YOriL 

2. LowQ, G., ond^mUil^, A. {IXQ} Xticshfnk J. l94-t9R 
a, KuSAit^, SL a, AT^a Umc, O. [VXS) UiorJimt. tf. 1S8, BBS-iSSO 

^, Dfenlfaf J., JazutODtofi, J. KnrKnrV, 3wcii, n. M., und WoUlifiM. B. G. 

5, Dmith, J„ J«ni>f»ii3», J, K.. KoaKpelt.'P.. tmA Wottlu:m. H. C^Ofll 

6, TCaiDldralii, X. KiiUc, IC H., Svnma. Xl. A. A., and Drenlli* J. <IdA4> /. Mol 

BUil 179,233^25^ 

7, Orvnil^ J„ Kolli. K H., ttjid a«M. H. M. (lOTS) fiwehrfn,tor^ 10, 373 1-8738 

3. Drfiftth, J.» Svon* H. Afi^ HoogeiwuTUiten, Mid Blicftmnui, L. A. ^ (1075) 

Prov. K. N^Ed. AkaiL VfA S»\ € BinL UetL Sei. 7S, 104-110 
9. Pfilca^, L. am> FES^ Lett 47« 

10. Uiwif, S. D., Jbhdceii, P. an^ StAfar. J. A. (1076/ .P^A<nf»er> tS^ 

13L Lowm^ 9. JflbuMi. A., And ffb^Ar, J. A4 (lfi9lt HSfioH^mistfy 2^ 
1$. £l(U7tennAn^ L. a. xncl Wijdiunna, 4- (1^6) Eui\ J. Bioefttin. 71, 383^S1 
13. HoL« W. <L J.k 9aiL ZhiUaotLt P> TIl, iMid BiatoJAvo* R J. C. (1973^) Notarc 3*73. 
448-448 

M. vaa Dujjjwrw P. Ttu llwile, B. T.. and Hot, W. G. J. (1979) CAmj- 9, 

a'/3-aeo 

10. TW3 t>utin9n> .?. Th., TMXc, B. T, R?«ur, a, ml JT^cinifpoart, W. C. (JSSO} 
/lit. J". ^zonL CAvOk 17, 051-071 
lAvcfj, IL, PkiUmflO, and W^n, Y. K. /hi .T. ^rtL CftML ^ 

17. Dqkaum. J. Omoxu B., nnd WfltruuKD, H. a?tt9i /nt ^7. Ousft CAcm* dtfi 

la. Dvkuwn, J. tmd «an DntlH^, R Th. (1I¥>1> Znt J, fpivit. Chan.: t)uant, 

MioL $ytnp. 1B» *0-6!» 
19, RlV nnm , X A* UaUido. M,^,. fud vim Duuihu. P.TIl aM9> j; AfoA 

2a VrnMt rrtuklaniBr. TerixLcr. D. O. uuimiBiifi, 11 7. aOdS) Pnmin JSng. 
fl;213-21fl 

£ia»^jj<f7:>- fid, OTfiB-fi? 33 
V«rMit, T,, T^lfM-r \>. lOioQri, a Kn and AltBchutw 9. 0992) i^o^ A'oT. 

Z3. venut, T.. Khonn, it e., LAfiammB, P., Tbssidt, Mooik B.. 0<mr-Sa1jtn, 
Zl„ :SURnr. A- a. rix347W(». D. Y, ^ioC C^m- 360. SI451-21437 

&4. Vont«t; T., TWmbr. UditMCt^ F„ NpDatJ, D.. find ThMoas. Y- (1989) 

2B. Bflimtt, A, il.. Kid KinwWw. (ia«l ) Af«r***i J?n»wiiw/. flftr (iii5-n61. 

flcAku. C. Lh and Sing, J. Bid C/mw. 208. 9SSa^9363. 

V". Mdntti^ K.* Khouri, H. l!., .KdufTe, C. Luffautirti^ P^ Dtfjjr&K ft.; VtfmOT^ T., 

TeesiOT, D. a, Tiiaasfti^ D. find Smnr, A, C C1B0X) SiocAcnri^sr? 3<V 

55Slm55S& 

and Ua. Nvw Vc?4c 

so. Otmnto, K K., RoscrnasTk, 31* G.. Aisnit. P., lad BvontvK MT, ild??) 

IKoehemioery 16| 5065^071 
JSL ClOTtsir, p.. md WeUs, J. A. (IdSfi) .Yff/urv £i«4-Dd8 

(19!») J. Am. CAf ^ Ild, 4806-4907 
33. Cony. D. H, and Crmh. C. & C1932J /. Am. CA<i(». ffot 1 14, 17B4 -1790 
t^rnn^ S.. Standls^ Flotrevlele, It Stniui, K. M.» FtBcr-MDore. J., 
XuPBC* ]SnuU». a, nmtor, W. J,, Rid Qnuk, C S. (18e71^aHmw B37, 

91V Poltpir. «iid AfaUH^» B. (ldde> TT^ov. Otal 3^3-326 

WarviieJ, A^ NpreySmbo, a., SnsMnpn. and flwin8> 'f--*^. (isasj 
Afft^Jton^jilry XS^ 8829-36iSr7 
97. Borii. P. J., tmd StAnir, A. C. aSBuJ J. Mvi. fiiot 244^ 27S-26R 
sa U Y., and Tml, M^. a999> Am. CAdm.^. ItSt fi823-8EZ6 
30. Mit/aki . A^ And KlAflr J. <iai»> i^X^lftf Xtfit 807, 

40. M^BozT^ 1i.r Cani^nv J., T nflnTwrnr, F.. Flonfii:, C, ^Qwon, £U Vseum^ 

ToaalAT, D. C. ThmtR^ IX V„ imd fltcirorr, A. C. (3dai> ^toAcmia^ry 80, 



Received from < 215 851 1429 > at 10/8/02 3:04:39 PM [Eastern Daylight Time] 



BEST AVAILABLE COPV 



